T he influential life-history theory suggests that fecundity of organisms reflects the impact of the fundamental trade-off between the quantity and quality of offspring on long-run reproductive success. Central to the theory is the supposition that there exists a level of fecundity beyond which the number of descendants in the long run diminishes [1] [2] [3] [4] . A negative association between the quantity and quality of offspring has been documented in a wide variety of species, ranging from plants to humans. In particular, researchers uncovered an inverse relationship between the number of seeds and their size, as well as between the quantity and quality of offspring within and across mammals [5] [6] [7] [8] [9] . Furthermore, a trade-off between fertility on the one hand and offspring survival probability and education on the other hand has been documented for preindustrial human societies [10] [11] [12] [13] [14] . Nevertheless, as established theoretically, in contrast with a prevailing perception, the presence of a trade-off between the quantity and quality of offspring is merely a necessary, but not sufficient, condition for the existence of a level of fecundity beyond which a higher level would have a negative effect on reproductive success in the long run (Supplementary Section 1). In particular, the proposed theory suggests that, a priori, in an environment in which the carrying capacity was an order of magnitude greater than the size of the founder population, an individual with the highest level of fertility could have had the largest reproductive success if the direct contribution of any additional child to her long-run reproductive success would be larger than the adverse indirect effect of this child on the quality of her children and their long-run reproductive success. However, if the impact of investment in the quality of children on their potential income, and thus their reproductive success, is sufficiently large, an intermediate level of fecundity would generate the highest reproductive success and would therefore be favoured by natural selection.
T he influential life-history theory suggests that fecundity of organisms reflects the impact of the fundamental trade-off between the quantity and quality of offspring on long-run reproductive success. Central to the theory is the supposition that there exists a level of fecundity beyond which the number of descendants in the long run diminishes [1] [2] [3] [4] . A negative association between the quantity and quality of offspring has been documented in a wide variety of species, ranging from plants to humans. In particular, researchers uncovered an inverse relationship between the number of seeds and their size, as well as between the quantity and quality of offspring within and across mammals [5] [6] [7] [8] [9] . Furthermore, a trade-off between fertility on the one hand and offspring survival probability and education on the other hand has been documented for preindustrial human societies [10] [11] [12] [13] [14] . Nevertheless, as established theoretically, in contrast with a prevailing perception, the presence of a trade-off between the quantity and quality of offspring is merely a necessary, but not sufficient, condition for the existence of a level of fecundity beyond which a higher level would have a negative effect on reproductive success in the long run (Supplementary Section 1). In particular, the proposed theory suggests that, a priori, in an environment in which the carrying capacity was an order of magnitude greater than the size of the founder population, an individual with the highest level of fertility could have had the largest reproductive success if the direct contribution of any additional child to her long-run reproductive success would be larger than the adverse indirect effect of this child on the quality of her children and their long-run reproductive success. However, if the impact of investment in the quality of children on their potential income, and thus their reproductive success, is sufficiently large, an intermediate level of fecundity would generate the highest reproductive success and would therefore be favoured by natural selection.
The extensive exploration of the trade-off between quantity and quality of offspring, while confirming an important building block of the theory, has therefore not shed direct light on the effect of a reduction in quantity, and the associated investment in offspring quality, on long-run reproductive success. Moreover, existing attempts to examine the effect of fertility on long-run reproductive success in preindustrial societies have been largely inconclusive 15, 16 . The lack of evidence that reduced fertility is a fitness-maximizing reproductive strategy in humans has recently induced researchers to consider alternative determinants of the number of children in preindustrial societies, underlying the trade-offs between reproductive and somatic effort, as well as between reproductive and mating effort 17 . In contrast, the present study and the evidence that it provides may rekindle interest in the importance of the quantity-quality trade-off in the understanding of the determinants of observed fertility in preindustrial societies.
This study explores the effect of fecundity on long-run reproductive success in a human population. Using a reconstructed genealogy for nearly half a million individuals, based on the parish registers of the Saint Lawrence Valley in Quebec during the 1608-1800 period, we trace the number of descendants of early inhabitants of this Canadian province in the subsequent four generations. As depicted in Fig. 1 , a marriage over this period signalled a deliberate attempt to conceive. A sharp spike in birth rates occurs starting in the 35th week after marriage, and nearly one-third of births occurs within the 36-44 weeks time interval. Hence, using the protogenesic interval (PI; that is, the time interval between the date of marriage and the first live birth) as a proxy for fecundity over this period, and thus as a source of variation in family size, the research establishes that while higher fecundity was associated with a larger number of children, moderate fecundity is associated with the maximum number of descendants after several generations. Furthermore, the analysis examines the potential mechanisms that govern the non-monotonic effect of fecundity on long-run reproductive success.
The research finds that the maximum long-run reproductive success is attained by individuals with a moderate PI (that is, those whose first delivery occurs 65-74 weeks after their marriage, depending on the statistical specification, relative to a sample 
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median of 53 weeks and a sample mean of 62 weeks). In particular, compared with highly fertile individuals whose first child is born 38 weeks after the marriage, those individuals have on average 0.35-0.55 fewer children, but 0.63-0.66 more grandchildren, 9.5-17.2 additional great-grandchildren, and 16.0-32.4 additional great-great-grandchildren. Moreover, in light of the heritability of fecundity [18] [19] [20] [21] and the heritability of PI in particular (Supplementary Section 5), the analysis suggests that evolutionary forces decreased the level of fecundity in the population over this period, as reflected by a predicted 4-week increase in the PI, consistent with the finding that the level of fecundity that maximized long-run reproductive success was above the population mean and median.
In light of the inherent uncertainty in the process of human reproduction, this study attempts to identify the causal effect of fecundity on long-run reproductive success by isolating the random component of the PI (Fig. 2) . Given the social norm observed in preindustrial Quebec, in which marriage marked the intention to conceive a child, the analysis exploits the time interval between the date of first marriage and first birth (that is, the PI) as a source of variation in fertility, reflecting the probability of successful conception (that is, fecundability). The PI is affected by genetic predisposition, socioeconomic and environmental conditions, and the realization of the randomness in the occurrence of a pregnancy in a given monthly cycle among couples that are actively engaged in an attempt to conceive.
This study attempts to isolate the random variations in the PI by accounting for a range of confounding genetic, socioeconomic and environmental factors that may have affected PI, reproductive success and quality of offspring. In particular, environmental factors are accounted for by focusing on a homogeneous founder population in a single geographical location in a given time period. Cultural, socioeconomic and genetic factors that may affect fecundity are accounted for by focusing on variations in PI across siblings, while confounding socioeconomic characteristics are further accounted for by controlling for the parental marriage age, literacy status and gender. While the empirical analysis exploits the random variation in PI to identify the causal effect of fecundity on the number of descendants after four generations, it further establishes that the effect of the phenotypic variance in PI (that is, including non-random components) on long-run reproductive success is qualitatively similar (see Supplementary Sections 2 and 3 for additional information on the empirical strategy, independent variable and analysis).
results
The effect of fecundity (as proxied by the time interval from marriage to first birth (that is, PI)) on reproductive success is estimated initially using linear regression models. As presented in Table 1 , accounting for the potentially confounding effects of birth year and age of marriage (columns 1-4), gender, stoppage age (that is, the age at last birth) and literacy (as captured by the signature status on the marriage certificate), as well as factors shared by heads of lineages originating from a common mother (that is, lineage fixed effects (columns 5-8)), the analysis suggests that the number of children is linearly and negatively affected by PI. In particular, an additional year from marriage to first birth results in a reduction of 0.77 children (column 1) or 0.54 children (column 5).
However, there is a significant quadratic relationship between PI and the number of grandchildren (columns 2 and 6), greatgrandchildren (columns 3 and 7) and great-great-grandchildren (columns 4 and 8). In particular, the peak of the estimated quadratic relation between the number of great-great-grandchildren and PI is for PI = 74 weeks (that is, 1.43 years; column 4) or 65 weeks (that is, 1.25 years; column 8). Interestingly, the PI associated with the peak of the hump is above the mean and median PI in the population (Supplementary Table 3 ), in accordance with the finding that evolutionary forces increased the mean PI in the population over the time period. Moreover, the interior hump-shaped relationship between the number of great-great-grandchildren and PI is highly significant (P = 0.0085 in column 4 or P = 0.0078 in column 8) 22 . Table 5 , the results in Table 1 are robust to the use of a more parsimonious specification, accounting only for the marriage age. Moreover, as established in Supplementary Section 12, the results are robust to accounting for the potentially confounding effects of remarriages, spousal migration, birth and death parish, month of marriage, month of birth of the firstborn, firstborn status, within-lineage birth order, patrilocal or matrilocal marriage status, distinct death and birth parishes, north or south shore parish, urban parish and longevity of the head of the lineage. Furthermore, as established in Supplementary Section 13, the results are robust to a range of sample restrictions based on gender, family size, marriage age, north or south shore parish, urban parish and other factors, as well as the inclusion of heads of lineage born over the entire period.
As established in Supplementary
Using a generalized linear model (GLM) with a negative binomial distribution and logarithmic link function yields qualitatively similar findings (Supplementary Tables 4 and 5 ). In particular, Fig. 3 depicts the effect of PI on the number of descendants under the most parsimonious GLM specification (accounting only for the marriage age). Figure 3a shows a negative effect of PI on the number of children, reflecting the observation that, all else being equal, a shorter PI in the pre-demographic transition era increases the total number of children born in a family, whereas Fig. 3b depicts the hump-shaped effect of PI on the number of great-great-grandchildren.
Moreover, the analysis suggests that evolutionary forces decreased the level of fecundity in the population over this period. In light of the heritability of PI (Supplementary Section 5) and the heritability of fecundity more generally [18] [19] [20] [21] , since the expected change in PI within each lineage weighted by fitness is insignifi- This table presents the results of a series of OLS regressions of the number of children (generation 1), grandchildren (generation 2), great-grandchildren (generation 3) and great-great-grandchildren (generation 4) on the fecundity and squared fecundity of heads of lineages born before the end of 1685 (as proxied by their PI measured in years; that is, PI and PI 2 ). Birth year and marriage age dummy variables are included as controls in all columns. Furthermore, the specifications in columns 5-8 account for lineage fixed effects (that is, the estimation is based on variation across heads of lineages who are siblings, as opposed to all heads of lineages, as estimated in columns 1-4), as well as dummy variables for gender, stoppage age, literacy (as proxied by marriage certificate signatures) and unknown literacy status. Standard errors (clustered at the level of the firstborn) are reported in parentheses. *P < 0.10; **P < 0.05; ***P < 0.01. For additional information, see the Methods and Supplementary Section 2. This table examines the effect of fecundity (as proxied by PI) on different forms of child quality. Columns 1 and 2 present the results of fractional logit regressions of the marriage rate (among children surviving to the age of 40 years) on the fecundity (as proxied by PI) of heads of lineages with at least one child surviving to the age of 40 years. Columns 3 and 4 present the results of OLS regressions of the average marriage age of children on the fecundity of heads of lineages (as proxied by PI). Columns 5 and 6 present the results of fractional logit regressions of the literacy rate of children (as inferred from marriage certificate signatures) on the PI of heads of lineages with at least one surviving child with observed literacy status. Birth year and marriage age dummy variables are included as controls in all specifications. Furthermore, the specifications in columns 2, 4 and 6 include dummy variables for gender, stoppage age, literacy (as proxied by marriage certificate signatures) and unknown literacy status. Standard errors (clustered at the level of the firstborn) are reported in parentheses. *P < 0.10; **P < 0.05; ***P < 0.01. For additional information, see Methods and Supplementary Section 3.
Table 1 | effect of fecundity (proxied by Pi) on the number of descendants of heads of lineages born no later than 1685 log[number of descendants in generation]

Generation 1 Generation 2 Generation 3 Generation 4 Generation 1 Generation 2 Generation 3 Generation 4
cantly different from zero, it follows from the Price equation that the evolutionary change in PI is captured by the covariance between the fitness of the head of lineage i and the PI of this individual relative to the average fitness in the population 23, 24 . In particular, the evolutionary change in PI over these four generations, as captured by the covariance between the number of great-great-grandchildren of the head of lineage i and the PI, divided by the mean number of great-great-grandchildren in the population, is equal to 0.072 years (that is, 3.8 weeks). Hence, consistent with the finding that the level of PI that maximized long-run reproductive success was above the population mean (that is, 62 weeks), as well as the population median (that is, 53 weeks), evolutionary forces operated towards an increase in the mean PI over these 4 generations from 62.4 to 66.2 weeks.
This research identifies several mechanisms that contributed to the importance of moderate fecundity for long-run reproductive success. While individuals with lower fecundity had fewer children, the observed hump-shaped effect of fecundity on long-run reproductive success reflects the beneficial effects of lower fecundity on various measures of child quality and thus on the reproductive success of each child. In particular, the analysis establishes that lower fecundity indeed had: (1) a positive effect on the marriageability of children; (2) a negative effect on the age of marriage; and (3) a positive effect on the literacy of children 25 . Thus, despite the positive effect of fecundity on the number of children, its adverse effect on child quality and the reproductive success of each child contributed to generating the hump-shaped relationship between fecundity and long-run reproductive success.
The proposed mechanisms are explored in Table 2 , accounting for the head of the lineage's birth year, marriage age, gender and literacy. This analysis establishes that: (1) the association between PI and the fraction of children who got married, among those who survived to the age of 40 years, is significantly positive (columns 1 and 2); (2) the association between PI and the average marriage age among offspring who got married is significantly negative (columns 3 and 4); and (3) the association between PI and the fraction of children who signed their marriage certificate is positive and highly significant statistically (columns 5 and 6). Moreover, the literacy of heads of lineages has a highly significant positive effect on the literacy of their children. These results are robust to alternative specifications (Supplementary Section 3) .
Conclusion
Evidence from preindustrial Quebec suggests that the forces of natural selection favoured individuals characterized by moderate fecundity. While higher fecundity was associated with a larger number of children, moderate fecundity maximized the number of descendants after several generations, reflecting the beneficial effect of lower fecundity on various measures of child quality 25 . Moreover, the analysis suggests that evolutionary forces decreased the level of fecundity in the population over this period. These findings are consistent with theories of the onset of the demographic transition and the transition of economies from stagnation to modern growth in which natural selection favoured individuals with a larger predisposition towards child quality 26 , as well as with the predictions of unified growth theory 27 . 29 . Nearly all individuals whose data are included (that is, more than 99.96%) were born after the founding of Quebec City in 1608, and more than 94% of them were born and died in Quebec. Importantly, the data cover all parishes of Quebec, and in light of the negligible inter-provincial migration over this period, the presence of some intra-provincial migration does not prevent tracking of the reproductive success of individuals over several generations.
Methods
Data
The sample is restricted to the reproductive success of 3,798 individuals, defined as 'heads of lineages' . This sample satisfies several criteria. First, the heads of lineages were born in Quebec before the end of 1685 and died in the province. Second, the sample is restricted to individuals whose PI is at least 38 weeks and less than 2 years and 38 weeks 25, 30 . The use of plausible alternative lower-end cutoffs, such as 36 or 40 weeks, would not affect the qualitative results. Moreover, the upper-end cut-off mitigates the effect of measurement errors that may characterize extreme PIs, as well as the potential confounding impact of underlying biological conditions associated with extreme PIs on reproductive success. Third, the key data for each head of lineage regarding their date of first marriage as well as the birth date of their firstborn received the highest-quality grade by the data provider (see Supplementary Section 4 for additional information on the data).
Statistical model. The impact of the time from marriage to first birth (that is, PI) of heads of lineages on the number of children, grandchildren, great-grandchildren and great-great-grandchildren is assessed by estimating a series of regression models. The analysis is performed across all 3,798 heads of lineages, regardless of their maternal origins, as well as across siblings, using two-sided statistical tests. Some heads of lineage have no siblings and the identification in the second method is based effectively on variation across 3,348 heads of lineages.
First, the effect of the PI of the head of lineage on the number of children is estimated using the ordinary least squares (OLS) regression model: where D i,1 is the number of children (that is, offspring in generation 1) born to the head of lineage i; PI i is the PI of the head of lineage i; Z i is a vector of control variables capturing the characteristics of the head of lineage i (that is, marriage age, birth year, gender, literacy and stoppage age; see Supplementary Section 4) and ε i,1 is an error term clustered at the level of heads of lineages sharing the same firstborn. The coefficient of interest is β 1,1 and it is predicted to be negative. Namely, the PI of the heads of lineages is predicted to have a negative effect on the number of children. Furthermore, the analysis considers a quadratic specification; however, the impact of the second-order quadratic term of PI on the number of children is insignificantly different from zero. Second, the effect the PI of the heads of lineages and long-run reproductive success is estimated using the OLS regression model: where D i,t is the number of descendants that the head of lineage i has in generation t, and t = 2, 3 or 4. The coefficients of interest are β 1,t and β 2,t . If indeed PI has a hump-shaped effect on long-run reproductive success, β 1,t > 0 and β 2,t < 0. Alternative regression methods suitable for count data are also employed. In particular, Supplementary Table 4 demonstrates that the results are robust to the use of a GLM model with a negative binomial distribution and a logarithmic link function.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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